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Abstract

Spatial, temporal, and polarization smoothing schemescandined for the
first time to reduce to a few percent the total stimulated backscatt&&Fa

like probe lasebeam (21015 W/cn?2, 351-nm,#/8) in along scalelength

laser plasma. Combining temporal gmalarization smootihg reduces SBS
and SRS up taan order ofmagnitudealthoughneither smothing scheme
by itself is uniformlyeffective. TheSRS spectra aranore monochromatic
with  more beam smoothing, atrend consistan with reduction of
filamentdion. Theresultsagreewith trends observed iR3D simulations
[R. L. Berger et al., Phys. Plasr8a1043 (1999)].

PACS numbers: 52.38.-r, 52.35.-g, 52.35.Mw, 52.50.Jm



The preset schenes forinertial-confinement-fusiolflCF) target ignitionrequire a
highly symmetric illuminatiorof the fuel capsule by-rays (irdirect drive) or lasetight
(direct drive)[1]. The currentpoint designfor the Nationallgnition Facility (NIF) indirect
drive hohlraum target [2¢onsists of aylindrical gas filled high-Z chamberwith thin
polyimide windowscovering bothendsand afuel pellet suspended irthe center. Laser
beamsburn throughthe windows and gas tdlluminate theinner wall of the hohlraum
where the laser energy is convertedoft x-rays which compresthe fuel capsule to high
density and temperatureThe low-density gas-fill effectively slows the rate atwhich
plasmablow-off from the wallfills the hohlraum. Howeer, boththe low-density long
scalelength plasmiesulting fromthe gas-fill andthe high-Z hohlraum inner wiaplasma

provide environments that support detrimental laser-plasma scattering instabilities.

The large-aperturglasslasersystems used in ICF applicatiotypically produce
beams with irregulaintensity inthe form of hot-spots at focuslue to inherent oheat-
induced aberrations the amplifier glass. As aresult of their high intendly, these hot
spotscan experiencsubstantiapower losses fronstimulatedBrillouin scattering(SBS)
andstimulated Raman scatterig§RS) [3] in atargetplasma. Toreduce these scattering
losses,various beam-smoothing techniques haween developed toreatemore regular
speckle intensity distributions [4,5,6,7,8,90,11,12]. Three particular smoothing
techniques are kinoform/random phase plate (KPP/RBp&thl smoothing[12]smoothing
by spectral dispsion (SSD)[6], and polarization smoothindPS)[7,8,9,10,11]. SSD
effectively smoothes onlafter a speckle decorrelatitime whereaghe effects of PS are
instantaneous. Therefore, wrpectthesetwo smoothing schemes #ifect the rapidly
growing SRS and slower growing SBSdifferentways. Experiments investigating these
techniques have been ongoiing over 10 years andaveshownvarying degreesf laser
scattering reductiofor different plasma geometriemnd incident laser characteristics[13]

It is important,nowever, tounderstandhe effect ofthese smothing techniques in NIF



plasmaconditions with long densitgcalelengths (~ inm) andhigh electron temperature
(> 2 keV)where growth ofstimulated instabilities is likely to bhigh and saturation

mechanisms may be different than in inhomogeneous and colder plasmas.

In this Letter, we presergxperimentalresults whichshow that using SSD and
polarization soothing scheesin combinationproduces aignificantly greater reduction
in the total backscatteringrom along scalelengthgasbag plasma thaexpectedfrom the
reduction of backscattaeen withSSD and PS individually. Ithe experimentseported
here, wedirectly compareSSD andPS with the same plasa conditionsand laser
parameterand, therebyprovide a truecomparisa of their relative efficacy. Weshow
experimentally that, on plasm scales and witHaser intensitiesrelevant for NIF,
polarization smoothing or SSD alone do notlincases of interesffectively ontrol LPI.
However, when SSD and PS are combined, we iintISRS, SBS andfilamentation are
all significantly reduced. In additionthe separate effects 3SD and PSon the
instantaneous sdating give evidencéor competitionbetween thenstabilities [14,15,16]
in which the SBS, when large, suppresséise SRS. Theseresultsare consistent with

simulations performed with the laser plasma interaction code (F3D) [17].

The experimentsvere conducted ahe Lawrence Livermore National Laboratory
using the Nova laser which provided 10 beams a§=351 nmwavelengthlight. The

target,laser,and backscattaneasurementonfigurationwas the same asvhat hasbeen
used in previouexperiments [18]. The experimentsed agas-filled balloon [19]
designed to emulate theng scalelengtlgasregion in a NIFhohlraum. The tgets were

filled with variousmixtures of GH12 (neopentane) and3€lg (propane)gaseswhose

ionized electrondensity was varied betweer7.5% and 15%of the critical density for
351nm laser light. Experiments studying beam smoothing effects in targets that emulate the
wall region of a NIF hohlraum have been reporadier [20]. Nine of the Nova beams

were used tdeat thegasbagadrgetand thetenthbeamdrovethe backscatteinstabilities.



Each heater beam delive2® kJ in a 1 nsquarepulse, isf/4.3, does not use a phase

plate, and is defocused by 6.7 mmilluminate alarge setion of thegasbag surface at an

intensity of about 1-21014 W/cm2. The probebeam, withenergybetweenl.5 and 2.3

kJ, had a 1 ns square pulse shape, was delayed 0.4 ns relative to the heater beams, and was
configured as aV8.5 beamfor theseexperiments. Laserlight from the probe always

passed through lanoform phaseplate (KPP). This KPP produced #ocal spot in the

shape of an efise measuring abod00 um by 260 um. The intensity envelope of the

focal spot wasfairly flat and dropped off rapidiypear theedges. The&acuumtransverse

speckle size at focus idf ~ 3 um and the longitudinal depth fafcus is 8fA, ~ 200 um,

where f =8.5 is the F# of the probeamfocusing geometry.The backscattered light was
collected over a large 25° cone angleich indudedlight directed back into thibcuslens

as well as light scattered outside of the lens.

Application of SSD inthese experiments leads #olaserphase[6] atthe final
focusing lens given by(t,y) = wpt + asir( Wt + ,[3/) where w, =275t/ A, cis the speed
of light, t is time, By is related to th@hase shifacrossthe lens due tahe SSD grating
dispersion and/,, = w,,/2m =17 GHz isthe modulationfrequency. The SSD grating
produces a ~ 150 melay or ~ 2 color cycleacrossthe circularaperture. The focalspot
consists of the time-dependenterference opeckle patterns frortie frequencies within
the laser bandwidthhv =2av .. The interference pattedecorrelates in about 5 (ffor

a =7), which issufficiently fastto reduceSBSR1] andfilamentationgrowth, but does

not significantly affect the much faster SRS[17].

The polarization smoothing implemented in teva experimentused a 2xarray
of birefringent wedges [8] (27 cm square KDP crystals cut a@ngte of 41.2° to the optic
axis), similar to thdoeamarrangement plannddr NIF. The wedgedlivided theincident

351 nmlight into two equal-power, ortlgonally-polarized beams having a slight angular



separation/8, from each other. This scheme is depicted in FigAfter passing through

the KPP, the tworthogonally polarizetheams formdenticalspeckle paerns in thefocal

plane shifted by the amou¥9-F, where thdocal length, F, is 5.6 m. Wehose a shift

of 30 um or about 10 speckle half-widtkerger than the minimurshift of the half-speckle

width required tadecorrelate @peckle pattergenerated by aquarenear-field[11]. The
direction of the PSshift wasset to be approximately orthogonal to 88D dispersion
direction. Simulations of LPI don’t show any significant advantage to making PS and SSD

orthogonal [11] although considerations of speckle decorrelation times do [7].

Gasbagplasmas have beenextensively characterizedwith both experimental
measurement andydrodynamic simulation[22,23].  Gatedx-ray pinhole camera
measurementshow that thegasbagoecomedeateduniformly after 0.3 to 0.4 ns. The
heaterbeamsburn to the targetcenter inabout 0.3 ns and create afairly uniform
temperature and density plasma by 0.4 ns with about a 1.5 to 2 mm scalelEmgtiapid
blowdown of the gasbag polyimide shell when the heater beams initially turn on launches a
weak shoclkwhich propagates towartthe center of the targetaeing ararefaction wave

behind. Thomson sd#ering measurementshow thatthe macroscopic plasmigow is

small (about 4106 cm/s) inthe centraregion ofthe targebut steadilyincreases outside

the rarefactiorwave. Helium-o, Lyman<, and isoelectronic ratios obtained from x-ray

measurements are used to determine the tengahition ofthe electron temperature[24].
These measuremerghow that the centralemperaturgraduallyrises duringthe time that

the heater beams are on to a peak of about 2.6 keV fog @dn3keV for 11% . where
nc is the criticaldensity at351 nm. Oncethe heaters turroff the electron temperature

decreases as the plasma expands and ion and electron temperatures equilibrate.



The plasna electrondensity fell approximately intoone of three density groups,
8%, 10%, and 15% of critical density for 3&h. As the densitincreased ovethis range
the backscattered light fraction increased SRSand decreasefbr SBS. Atlow density
the SBS tended to dominate the overall scatteritjereas at high densitthe SRS
dominated [16]

Direct comparison of smoothingdhniques in iddital plasna conditions ishown
in Figs. 2 (a)-(d). The dashows that the combinatia@i SSD andhe KPP reduces SBS
[Fig. 2(a)] without significantly changing the amount of SRS [Fig. 2(b)] wiaidilition of
PS to theKPP causes botlthe SBS and SRS todecrease aill densities[Figs. 2(c) and
(d)]. To gquantitatively compare theffects of the smobtng techniques we defind,,
fssp @andfig, sspas the ratio of the total badgdtered fractioifSBS+ SRS) foreach of the
three combination§PS+KPP, SSD+KPPand PS+SSD+KPPrespectively) to theotal
backscattered fractiomsingthe KPP alone. So, f. = 0.7 at ~0.08nandf,; = 0.57 at
~0.10n. In comparison,fs,, = 0.8 for ~0.08pand0.9 for~0.10n. Uncertainty in the

backscatter measurement is estimated to be about 20%.

The effects of PS an&SD are enhanced bywsing themin combination.
Application of both 250 GHz of SSD[25] and PS leads to the lowest level of SBS and SRS
at each density as shown by the solid diamond synibéligs. 2 (c) and (d). In thisase,
foss ssp= 0.3 at ~0.08ndensity and 0.23 at ~0.10nWe see thaff,, ;< f T yhere
the reduction factorf.g, s/ T pdT <5piS @about 0.5 fothe ~0.08n and~0.10n cases[26].
Similar results are observed at the higher density ~Ovia@rethe reductioris about0.7.

F3D simulations for similar conditior®.10n, Te = 3 keV, | = 2x185 W/cnm? andaxial
length equal to 1/3 of thgasbag densityplateaulength)[17] lut lesstotal gain than

calculatedfor these experimentpredict a reduction factor 00.1 resulting from the

combination of SSD and PS. Tle extent that thgasbag f@sma is representative of the



plasma in the central section oNdF hohlraum,theseresultsshow that NIFmay benefit
from polarization smoothing ahe innerbeamswhich pass througlthe longest region of

plasma before reaching the hohlraum wall.

Competition between SRS and SBS [14,15,16] is suggested in thele&8khere
Figs. 2 (a) and (b) compare the scattering fraction with KPP and KPP + 250 G&%Dof
Adding SSDreduceghe SBS butleads to either an increase mo change in the SRS.
Figure 3shows a comparison dte time histories forSRSand SBS with KPP only and
KPP + 375 GHz SSD. We showcase with50% larger bandwidth to displaymore
clearly thechange intime history ofthe SRS signal. This time history istypical of SRS
signals at 250 GHBSD. Atthetime of peak electron temperature &) SSD strongly
reduces the SBS but increases&iS. Linear instabilitytheory that neglectsompetition
would predict thatboththe SBS and SRS shouldlecreasavhen SSD is appliedin this
case theSSD would suppresflamentation P7] and the resulting formation of high
intensity speckles which tend to produttee majority of theSRS and SBS backscattered
light. A consistent explanation of the data follows if, for exanipleSBS (without SSD)
extracts a large fraction of thpower inthe high intensityspeckles. Thenieducing the
SBS with SSD increases the laser power aVail@bhSRS. We note @i there my be other
competitionmechanisms [289] that produce a similaresult. Polarization smoothing,
showing amarked contrast t&SD, causes botlthe SRS and SBS todecrease without

much change in either one’s pulse shape.

The efficacyof PS andSSD on laser plasmainstabilities can beunderstood

gualitatively interms ofthe convectivegrowth rates of thenstabilities compared to the

smoothing rate. In generdilamentationhasthe slowest growthrate {, < 10* sec'),
SRS the fastesy(, ~ 10° sec'), and SBS is intermediate between the othgrs@ x 102

sec') where the growth raistimatesertain to the experimentphrameters, di= 1x1#1



cm3, Te = 3 keV, T = 0.8 keV, and <I> = 2x10> W/cn?. The bandwidth,

Aw (=2mA\v), is 1.6 x 16 sec' for 250 GHz SSD. Since thebandwidth is about the

same as theSBS growth ratethe statisticaltheory result thaty = y/Aw does not

apply[30]. However, recentheory[21] hasshown that ifthe bandwidth changes the
speckle patteribeforethe instabilityhas grown to saturation, sagnificant reduction may
occur. That is the case ithis experiment. Thus, we anticipate thatSSD in our
experiments will notdirectly affect SRS, will have some effect on SBS, and will
substantially reduce filamentation. Pdation smoothing on the othehand is

instantaneous and is expected to reduce all instabilities and in particular SRS.

These experiments and recent F3D simulations of the effect of SSD and PS on SRS
and SBS [17,31¢onfirm these expectations. oth thecalculationsandthe experiments,
SSD was shown to bgather ineffectivein reducing SRS although it reduced SBS.
Filamentationwas reduced in thesimulations and we infefrom changes tdhe SRS
spectra, in which it becanmaore narrow and more redshifted[20,32], that it waslso
reduced in the experiments by SSID.addition,PS waseffective atreducingSRS, SBS,
and filamentation in bottihe simulationsnd theexperiments. Finally, the combination of
SSD and PS was shown to pparticularly effective,againboth inthe calculationgnd the
experimentaldata, because PS instantaneousiduced thegrowth rate such that the
bandwidth became comparable to tbavective growthrate in asubstantial fraction of the
hotspots. TheompetitionbetweenSRS and SBS plays arole in the effect ofbeam
smoothing on any one difie instabilitiedbecause, for example, as less powesxisacted

from a hotspot by one instability, the growth rate for the other is reduced less.

In conclusion, oupolarization smodting experimentsuggest thathis technique,
because of itsnstantaneougffect, can significantly improve the margin against plasma

instabilitieswhen conbined with smodting by spectradispersion. This is still the case



even at the higher intensities anahsides expected iB850-eV ignition targetiesigns. One
could thereby increase the operating regiaailable to the NIFor ICF experiments. The
effects of PS and&8SD onthe SRS and SBS are in qualitative agreementith 3D
simulations of SRS and SBS.
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Figure Captions:

Figure 1. Schematicshowingthe use of abirefringentwedge togeneratdwo shifted and

orthogonally polarized speckle patterns for beam smoothing.

Figure 2. Experimental measurement§a)fthe stimulate®rillouin and (b) the stimulated
Raman scattered light igasbag plasmator KPP only and KPP + 250 GHz SSD
[AA A, =3R/1054A]. Comparison dfhe threedifferent snoothing combination& PP,
KPP + PS,andKPP + SSD + PS showlifferent effects on (cSBS and (d) SRS
backscattering. The probe intensity is 2k20v/cm?, except at thdiigh density, whee it

is 5x10L5 W/cm2. All measurementare made athe time of peak electron temperature (1

ns).

Figure 3. Time history ofthe SRS and SBS scattered lighfrom a 10% critical plasma
shows &higher instantaneoUSRS backscattetevel for KPP + 375 GHz SSD than for

KPP only whereas the SBS shows a large reduction with SSD.
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Figure 1. Schematicshowingthe use of abirefringentwedge togenerate
two shifted and orthogonallypolarized speckle pi@rns for beam
smoothing.
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Figure 2 caption: Experimentalmeasurements of (ahe stimulated
Brillouin and (b) the stimulatedd®an scatterddyht in gasbag plasmas for
KPP only andKPP + 250 GHz SSD/4A /A, =3A/1054A]. Comparison
of the three different smoothing combinatisdRP, KPP #S, andKPP +
SSD + PS showdifferent effects on (cpBS and (d) SRS bakscattering.

The probe intensity is 2x18 W/cm?2, except at the high density, where it is
5x1015 W/cm2. All measurementare made at théme of peak electron

temperature (1 ns).
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Figure 3. Time history ofthe SRSand SBS scattered lighfrom a 10%
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reduction with SSD.
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